A new method has been developed to estimate the charge capacity of LiFePO4. This method does not 8 rely on assembly of active material, carbon and polymer binder composite electrodes, and can be used 9 on nanoparticles with or without carbon coating. Charge capacity is derived from LiFePO4 oxidation by 10 a solution redox mediator, 10-methylphenothiazine, in a bulk electrolysis system. The mediator serves 11 the role of connecting the working electrode with the LiFePO4 particles suspended in the electrolyte. 12 XRD and IR spectroscopy identified the oxidized species as heterosite-FePO4, as in standard coin cell 13 tests. Analyses with 6.8 % relative standard deviation were routinely obtained. 14
Introduction 16
Development of cathode materials for Li-ion batteries is currently a very active research area, in part 17 due to the development of electric and hybrid-electric vehicles. [1] [2] [3] [4] One of the major challenges of this 18 work is overcoming the power limitation imposed by the relatively slow transport of lithium ions inside 19 the solid-state structures used for charge storage.
[5] A recognised methodology to address this research 20 target is particle down-sizing so that the distance travelled by the lithium ion inside the active material 21 during charge and discharge is minimized. [6] [7] [8] In this way most of the ionic transport path is in the 22 liquid electrolyte part of the porous electrode. This is advantageous as liquid electrolytes diffusion 23 coefficients are several orders of magnitude larger than those of solid-state insertion materials. [9] 
13
The redox mediator was chosen from a family of molecules known as "overcharge redox shuttles" used 14 as an additive for overcharge protection. As 
2
The electrolysis was performed in a electrochemical cell composed of an inside fritted container 3 ("fine" porosity) of 30 mL and a 50 mL outside container (Fig. 2) . The counter electrode was installed in 4 outer compartment while the working and reference electrodes were installed in the inside solution, 5 which was stirred during electrolysis. The working electrode (1.5 cm by 2 cm) consisted of reticulated 6 vitreous carbon (RVC) foam, 3 % density (ERG Materials and Aerospace Corp.) with a porosity of 30 7 PPI connected to a platinum wire. An insulating epoxy was used to stabilize the connection. The 8 reference electrode consisted of lithium foil inside a glass tube filled with 0.5 M LiPF6 in PC. The 9 exchange of electrolyte was limited by a Vycor fritt. A 1.5 cm x 12 cm piece of lithium foil served as the 10 counter electrode and was mechanically cleaned before each electrolysis. All analysis were performed in 11 an argon filled glovebox (H2O, O2<1ppm). 12
Before and after each analysis, the mediator and the reference was verified by cyclic voltammetry 13 solution, and the current was monitored until the background level was reached again (the system is at 2 this time ready to receive a new sample). From an integration of the current vs. time peak, the number of 3 coulombs needed to completely oxidized LiFePO4 was obtained. Thus using Faraday's law the capacity 4 is calculated from: 5
Charge capacity (mAh.g
where Q is the total integrated charge in units of A.s and m is the LiFePO4 sample mass in units of g. 7
For every studied sample, a minimum of six analyses were performed in the same solution. All cited 8 confidence intervals are at the 95% confidence level. 9 protected from any adverse effect of species generated at the counter electrode by restricted diffusion 8 across the fritted glass membrane that separates inner positive electrode from the outer negative 9 electrode compartment. A typical measurement (Fig. 3) therefore begins by imposing a potential at the 10 working electrode, which will be held constant throughout the measurement. A consequence of the 11 difference in potential of the working electrode and the solution, is that an anodic current is passes 12 through the system to form [MPT such the system is in equilibrium, just before the LiFePO4 sample is added at time (a) (Fig. 3) . 16
Standard techniques
The addition of the sample leads to a large increase in the transferred current as the system tries to 17 compensate via eq. 1 for the MPT + • consumed by delithiation of LiFePO4 (eq. 2). However, as the 18 diffusion and convection is not sufficient to maintain a high concentration of MPT close to the working 19 electrode, a maximum current is reached at time (b). An alternative interpretation of the appearance of a 1 peak current is that the LiFePO4 oxidation rate decreases due to an increasing Li + diffusion path inside 2 the particle as it is delithiated. However, the fact that doubling the mediator concentration leads to a 3 doubling of peak current (within the experimental error), suggest that the transport of MPT towards the 4 working electrode is the limiting factor. At time (c), the system has returned to the same redox-state, i.e. the product of the current and the time, i.e. the total charge needed to return to equilibrium is only 9 dependent on the quantity of LiFePO4 that has been oxidized. 10
System stability and reproducibility. 11
As with any analytical system, the stability of the base line is essential to obtaining reliable results. 12
In our system, this translates into a reliable reference electrode and a steady background current. In fact, 13 these two parameters are coupled since drift of the reference electrode will result an unsteady 14 background current. An example of the stability of the system is shown in Figure 4 Table 1 shows the results for seven replicates of the same sample as in Figure 4 . The charge capacity 6 is obtained by using the equation (3) To confirm complete oxidation of LiFePO4, a commercial C-LiFePO4 (Life Power® P2 grade) was 4 used, since the composite electrode formulation that yields optimal utilisation is known. Battery tests 5 indicated a capacity of 160 mAh.g -1 at the C/5 rate. Using the redox mediator method, a charge capacity 6 of 166.6±3.6 mAh.g -1 , was obtained using 7 samples. Considering a carbon content of 2 to 3 wt.%, the 7 charge capacity is consistent with the theoretical value (170 mAh.g -1 ) for complete Li + desinsertion of 8
LiFePO4. 9
Quantitative transfer of charge from the working electrode to LiFePO4 was further confirmed by 10 of all the LiFePO4 particles. In contrast, battery electrodes rely on point contacts between particles to 9 ensure electronic conduction, while the ionic conduction is limited to the electrolyte filled voids between 10 particles. [13] Consequently, cases were the sample exhibit the same capacity by both methods, are 11 strong indication that the battery test has reached full utilization of the active material. 12
Characterization of the oxidation product. 13
Both LiFePO4 and Li0FePO4 were characterized by X-ray diffraction and IR spectroscopy. Unlike 14 most lithium insertion materials, the oxidation of LiFePO4 leads to a phase separation into olivine-15 LiFePO4 and heterosite-FePO4, which greatly simplifies the analysis.
[25] The XRD patterns of LiFePO4 16 before and after the chemical oxidation (Fig. 8.) show the full transition from the olivine to heterosite IR analysis was further undertaken to examine if the analysis resulted in damage to system which due 8 to it localilized nature would not be visible by XRD. The spectra of the delithiated phase (Fig. 9b) Combined, the IR spectra show no evidence of damage to the crystal structure. 
Conclusion 5
In this work we have investigated a rapid solution method to obtain the charge capacity of LiFePO4. The 6 oxidation of LiFePO4 was performed by a redox mediator, 10-methylphenothiazine, which ensures the 7 electrochemical contact between the working electrode and the active particle. Importantly the oxidation 8 product was found by XRD and IR spectroscopy to be hetrosite-FePO4, same as in the standard test 9 batteries. Our new technique is interesting as it is a) less labor intensive than standard test batteries, b) 10 without influence form the composite electrode fabrication and c) yields a best case charge capacity that 11 can be used as the target when developing composite electrode formulations. Moreover, its utility when 12 analysing nanoparticles both with and without conductive coating, could make it an important tool for 13 the research community devoted to developing new nanosized LiFePO4 materials. [13] 
